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ABSTRACT: Placement of Vegetated Filter Strips (VFS) along roadways may facilitate removal of nutrients from
stormwater runoff. The objective of this research is to compare water quality performance of a VFS containing
engineered media to that of typical Florida sandy soil. Storms of variable intensity were simulated over two 1:1 scale
physical models of typical one- and two-lane roadway shoulders, one with engineered media (treatment), and one
without (control). Simulated roadway runoff was introduced as sheet flow from the roadway and precipitation was
applied with a rainfall simulator. Samples of runoff and infiltrate were tested for Dissolved Oxygen (DO) concentration
and pH at regular intervals along each model and analyzed to detect changes both in time and location. Within four
hours of the experiment start, pH decreased on average by 0.74 ± 0.21 in the treatment model, and less so (by 0.39 ±
0.16) in the control model (p<0.0001). pH continued to decrease with time in both models, though more significantly
in the treatment model. The DO saturation decreased in the treatment model by a mean 12.18 ± 18.54% and increased
in the control model by a mean 6.74 ± 13.21% over 4 hours (p<0.001). However, DO monitoring over 72 hours
indicated minimum DO concentrations of 5.83 ± 1.28 mg/L and 7.84 ± 0.92 mg/L in treatment and control models,
respectively, suggesting that pore water was not oxygen limited. This analysis provides a deeper understanding of how
nutrient removal processes may have varied within each media type.
KEYWORDS: roadway runoff; non-point source pollution; vegetated filter strips; bio-sorption activated media; dissolved
oxygen; water quality
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INTRODUCTION
Roadway runoff created during storm events may carry
pollutants, such as excess nitrogen and phosphorus, from
the road into nearby surface and groundwater sources,
contributing to eutrophication. Urban landscapes
containing these nutrients (Hobbie et al., 2017) provide
pathways for runoff across impervious surfaces to
transport nutrients into water sources, but the use of
Vegetated Filter Strips (VFS) along roadways may help
filter and remove pollutants from surface runoff. VFS were
traditionally designed as agricultural best management
practices (BMPs) to control nonpoint source pollution
(Magette et al., 1989) and are generally composed of an
area of intentionally planted vegetation designed to trap
sediment and capture nutrients (Grismer et al., 2006).
VFS are also one of several forms of vegetative controls
for managing highway runoff with their performance
dependent on the type of vegetation, slope, length, and
flow characteristics (Barrett et al., 1998).
Previous examinations of VFS performance have
primarily focused on strips constructed within naturally
occurring soils in specifically chosen field sites (e.g.
Barrett et al., 1998; Ebihara et al., 2009; Winston et
al., 2012; Boger et al. 2018). The wide selection of field
sites used introduces complexity into the study of VFS
performance as there is a high variability of roadway
runoff composition based on factors including roadway
maintenance and the type of vehicle traffic (Ebihara et
al., 2009). Similar complexity exists in the variability of
soil composition between the locations. Some tests have
constructed field-scale simulations of roadways and the
accompanying swales (Hood et al., 2013), which allows
experimentation under more controlled conditions as
compared to field locations.
To further improve VFS pollutant removal performance,
different blends of synthetic media have been designed.
Biosorption Activated Media (BAM) is one such
synthetic media composed of tire crumb, clay, and sand.
BAM is designed to promote infiltration and drainage
while effectively removing nitrogen and phosphorus
(O'Reilly et al., 2012). Synthetic media are proposed as an
alternative to site soils in VFS construction, however, the
efficacy of engineered media to remediate excess nutrient
loads in a roadway shoulder engineering design has not
been rigorously tested. Furthermore, comparative studies
investigating changes in water parameters, for instance
pH and dissolved oxygen (DO) concentrations, as water
moves through BAM and soils are underrepresented in
https://stars.library.ucf.edu/urj/vol13/iss2/4

current literature. The pH of an ecological system is one
of several main indicators of environmental disturbance
(Xiong et al., 2019) and can cause direct physiological
effects on organisms in and around natural waterways
(Malmqvist & Rundle, 2002). Similarly, DO is a major
component of water quality in aquatic ecosystems
(Culberson et al., 1996) and is representative of organic
productivity and activity (Blazczak et al., 2019).
Therefore, the central question of this research is to
determine how a roadway shoulder VFS containing
engineered media influences pH and DO of infiltrated
stormwater runoff, as compared to that of typical Florida
sandy soil. The effect of the engineered media is assessed
with two hypotheses: 1) observed changes in pH and
DO from influent to infiltrate will differ significantly
across the two models, and 2) the observed differences
between the models will exceed the error of instruments
used to measure the parameters. Support or rejection of
these hypotheses will help characterize the impact of the
engineered media in a roadway shoulder VFS compared
to standard soil.
METHODS
Study Site
Two physical roadway shoulder models were constructed
in an outdoor laboratory facility at the University of
Central Florida in Orlando, Florida (Figure 1A). The
experiments were conducted over the course of several
months, ranging through Florida’s late summer to
early spring. Florida’s climate is warm and humid, with
average annual rainfall of 1363 mm and average annual
temperature of 21.2 degrees C. Average temperatures
during the testing period range from 26.9 degrees C
in the summer months ( June-October) to a milder
14.8 degrees C in the winter (December-February).
Seasonal rainfall varies similarly with temperature, with
high average summer precipitation of 545 mm and a
drier season in the winter with an average of 225 mm
(National Oceanic and Atmospheric Administration
(NOAA), 2020). Simulated roadway runoff containing
identical concentrations of phosphorus and nitrogen was
introduced from the top of the models and precipitation
was applied with a rainfall simulator (Figure 1B).
Physical model configuration
Storms were simulated over two 1:1 scale physical
models of typical Florida one- and two-lane roadway
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Figure 1. A) Treatment (foreground) and control (background) 1:1 scale outdoor models
B) Rainfall simulator in use

Figure 2. Treatment model (A) containing engineered media and control model (B) containing A-3 sandy soil.
shoulders, one with engineered media (treatment), and
one without (control). The models were constructed of
aluminum and were 30 ft long, 8 ft wide, and 3 ft deep.
The bottom of the models contained 300 0.25 in ports
for water drainage spaced in a 50 by 6 arrangement
along the length of the model. The first 10 ft of each
model was paved with concrete, while the following 20
ft was vegetated by seed with Paspalum notatum, Bahia
turfgrass. Bahia was chosen as it is commonly used in
highway embankments by the Florida Department of
Transportation (FDOT). The control model was filled
with 3 ft of A-3 sandy soil compacted to a bulk density
of 80-100 lbs/ft3 to match FDOT standards. The A-3
soil was classified using American Association of State
Highways and Transportation Officials (AASHTO)
classifications. The treatment model was filled with a 1
ft layer of A-3 soils overtop a 2 ft layer of engineered
CTS BOLD & GOLDTM BAM (Bio-sorption activated
media). Again, this media and the soil was compacted
Published by STARS, 2021

to a bulk density of 80-100 lbs/ft³. In both models,
the paved section and the first 5 ft of vegetation were
constructed at a 6% percent slope and the remaining
15 ft of vegetation was constructed at a 16% slope, to
simulate typical Florida roadway shoulders.
Rainfall and runoff simulation
Water was introduced to the system simulating two
processes: 1) precipitation onto the models, and 2)
roadway runoff from the top of the models (Table 1).
Both processes used municipal city water collected
from the laboratory facility’s hose. Each experiment was
replicated to respectively simulate runoff from 1-lane
and 2-lane roadways. The total volume delivered was
calculated from the area of the roadway (1 or 2 lane) and
the target rainfall depth for that experiment. Precipitation
was delivered using a calibrated rainfall simulator
suspended by cranes over the test models. Water for this
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Table 1. Runoff and precipitation volumes applied in 1- and 2-lane experiments.
system was stored in a 1500-gallon cylindrical tank and
was pumped into the simulator through a piping system.
Flow into the simulator was monitored by a valve and
a pump rate gauge. The precipitation rate was regulated
using a Rainfall Simulator Function (RSF) program in
a connected computer. Any excess water not delivered
to the models was returned to the tank for reuse in later
experiments.
Runoff was delivered onto the models at the start
of the concrete pavement. Before delivery, standard
solutions of nitrate-nitrite (NOX), ammonia (NH₃), total
nitrogen (TN), and total phosphorus (TP) were added
to the municipal water in 55-gallon drums to simulate
typical roadway runoff nutrient concentrations. During
the experiment, a submersible sump pump was used
to transfer the water from the drum through a PVC
piping system onto the models (Figure 3). This system
was regulated by a valve and a magnetic-inductive flow
meter before being deposited onto the model through a
perforated PVC pipe.
Experiments were not conducted during natural rainfall
events to avoid the influence of naturally introduced water
on the experiment. Similarly, if rainfall was expected in
the following three days after an experiment, the models
were covered with the tarps for the duration of the events
to minimize rainwater infiltration. If a model received
unexpected rainfall, experiments were not conducted
until at least 3 days after the event to allow rainwater to
drain out of the model.

https://stars.library.ucf.edu/urj/vol13/iss2/4

Figure 3. Runoff delivery system
Sample Collection and Measurements
Samples of simulated runoff were collected at the start
of each experiment. Runoff samples (1 L) were collected
directly from the barrel containing the runoff solution
into a cleaned plastic bottle and analyzed to verify that
each bed in each experiment received similar runoff
conditions (Table 2). Samples of infiltrated runoff
and precipitation (infiltrate) were collected from four
locations along treatment and control test models at
regular intervals over 72 hours. Samples of stormwater
infiltrate (1 L) were collected in clean bottles via tubes
extending from the bottoms of the model (Figure 4).
Short-term samples of infiltrate were collected every hour
from the start of the experiment for four hours, from 5
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Table 2. Measured mean ± one standard deviation concentrations of nutrients in simulated runoff

Figure 4. Sample collection bottle placed underneath models

Figure 5. Plan view of model sample locations

Published by STARS, 2021
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ft, 10 ft, and 20 ft from the edge of pavement (Figure 5).
Longer-term infiltrate samples were also collected from
15 ft, 17.5 ft, and 20 ft at 20 hours, 46 hours, and 72
hours after the start of the experiment. During smaller
simulated storm events there was insufficient infiltrate to
allow for sampling at some of these times and locations.
In such cases, bottles were still placed at each sampling
location but were removed after an hour of no infiltration
and no samples were recorded.
After sample collection, 450 mL of sample was
divided into three clean 150 mL bottles for triplicate
measurements of DO and pH DO measurements were
taken directly after sampling. A YSI Pro 20i DO meter
was calibrated to the local DO saturation and then
stirred into each of the three sample containers. The
DO concentration was allowed to stabilize and was then
recorded in triplicate, along with temperature, for every
sample. The samples were then recombined into a single
bottle and refrigerated. pH was measured within 24
hours of sample collection using a YSI Pro 1030 Water
Quality Meter. The pH probe was calibrated before
each use with a 3-point calibration using pH 4, 7, and
10 buffer solutions. The samples were again separated
into three smaller bottles for triplicate measurements.
The probe was then placed into each sample and the
reading was allowed to stabilize before the measurement
was recorded. The probe was washed with distilled water
between each measurement.
Data Analysis
For analysis purposes, sample means were computed
across repeat triplicate measurements. To account for
systematic measurement error, standard deviations
of triplicate measurements were calculated. Standard
deviations were averaged into a single error estimate for
each probe (EM, Table 3). All analysis was completed using
the arithmetic mean of each triplicate measurement.
To control for temperature variation over the course
of experimentation and allow for comparison between
tests, DO concentrations were converted into percent
saturation. This was calculated using the temperature
measurements and the corresponding DO saturation
at the measured temperature and atmospheric pressure
(Survey, 2011), as in Equation 1. Atmospheric pressure
was assumed to be a constant 1 atm, as the elevation of
the measurement location was near sea level.

https://stars.library.ucf.edu/urj/vol13/iss2/4

Where:

%DO = Percent Saturation of DO
DOm = Measured DO
DOSat = Saturation DO

Changes in infiltrate DO saturation and pH at 20 ft
were evaluated in each model relative to the runoff at 4
hours, 20 hours, and 72 hours after the experiment start.
Student’s t-tests were conducted for each parameter over
all three time frames, testing two hypotheses. The first
hypothesis (H1) detected whether the changes observed
in treatment and control test models were significantly
different. The first tested a null hypothesis (H0) that the
difference of the mean change in the treatment model
(μ₁) compared to the mean change in the control model
(μ₂) was 0 (H₀=μ₁-μ₂=0) with the alternative hypothesis
(Ha) being the difference is not zero (Ha=μ₁-μ₂≠0).
Accepting the null hypothesis would indicate the change
observed in both models was the same, while rejecting
it would indicate the change observed was different
between the models. The second hypothesis (H2) tested
if the difference in the means was significantly larger
than the calculated error of each instrument (H0=μ₁μ₂=EM and Ha=μ₁-μ₂>EM). These hypotheses were
assessed by calculating a z-statistic and a corresponding
p-value. A p-value less than an assumed α (in this case,
0.05 for 95% confidence) indicated that the null should
be rejected and that difference in the change between
each model could be significant.
RESULTS
Measured pH and DO in runoff solutions were similar
between experiments (p>0.05, Table 4), which suggests
there was little bias introduced into experiments through
runoff preparation. The close initial conditions also
support the assumption that any changes observed
to infiltrate conditions are due to factors other than
differences in the input water. All three parameters
(pH, DO saturation, and DO concentration) decreased
with filter length and contact time within the treatment
model while DO saturation increased in the control
model. Furthermore, the observed decreases in pH and
DO in the treatment infiltrate were consistently larger
than in control infiltrate.
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The overall precision of instruments used to measure
pH and DO are high based on repeat measures
(Table 3). The mean deviation was larger in the DO
Saturation measurements, most likely due to stronger
temperature and pressure influences as compared to the
pH measurements. However, approximations of error
for both probes were much smaller than the observed
differences in treatment and control models (p<0.0001
for pH, p<0.01 for DO concentration, p<0.001 for DO
saturation) (Table 4), which suggests that detected
differences between the models were not due to
measurement error.

Table 3. Systematic measurement error of lab testing methods
(EM ), estimated as the mean standard deviation of triplicate
measurements.

Table 4. Measured pH and DO (mean ± 1 standard deviation) in runoff and infiltrate samples from 20 ft in control and
treatment models and results of hypothesis testing. Bolded values indicate statistically significant difference between treatment
and control models. Bolded, italicized values indicate highly statistically significant differences.
Published by STARS, 2021
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pH
The pH decreased differently between the models both
over distance along the model and over time after testing
(p<0.0001 for all times). The pH of infiltrate from the
treatment model decreased by 0.65 ± 0.21 pH on average
from runoff to 5 ft (Figure 6a). The trend of decreasing
pH continued through the end of the treatment model,
with a mean pH decrease of 0.74 ± 0.21 by 20 ft. Little
change in pH was observed in the control model until
20 ft, with a total mean decrease of 0.39 ± 0.16 (Figure
6b). pH of infiltrate decreased with length across both
models and over time but decreased more dramatically
in the treatment model on average in both respects
(Figure 7). This change is likely a result of the use of
BAM in the treatment model, as the difference in initial
runoff conditions and the deviations of the instruments
were negligible. The change in pH was assessed by the
difference between conditions at 20 ft compared to the
runoff for the purposes of significance testing (Table 4).
Both the null hypotheses that the difference between the
means was zero and the difference between the means
was equal to the error were rejected (p<0.05). Thus, over
each of the three timeframes tested, the difference in
pH range between the two models was significant to a
confidence of 99%.
pH variation can be an indicator of biological activity. In
reactor systems, for example, decreases in pH can suggest
nitrification, while increases can suggest ammonification
and denitrification (Chang & Hao, 1996). In idealized
soil conditions, however, denitrification can instead
decrease the pH when conditions are above a pH of 6.87 (Soetaert et al., 2007), as was the case in both models.

This may be one mechanism contributing to the greater
decrease in pH observed in the treatment model, as the
BAM is designed to facilitate such processes. Another
contributing factor may be greater production of CO2
by cellular respiration (Schmidt-Rohr, 2020) in the
treatment model due to increased microbial population.
The CO2 could be dissolving in the infiltrate to form
greater concentrations of carbonic acid (Andrews &
Schlesinger, 2001) compared to the control model where
there is potentially less biological activity, resulting in a
greater decrease in pH over time.
DO Saturation
In most experiments, DO saturation in infiltrate from
both models increased from the runoff at 5 and 10 ft
before decreasing again by 20 ft. However, both the initial
increase and following decrease were more pronounced
in the treatment model (Figure 8). Additionally, DO
concentration varied more between individual experiments
as compared to the pH measurements, which were more
stable. DO concentration is temperature dependent and
the greater variability may reflect temperature differences
between experiments. When comparing the models
within a single simulated rainfall event this concern is
mostly negligible, as each model was tested on the same
day at approximately the same time, such that ambient
temperature would have been the same in both models.
Comparing between tests, however, is more complicated
as weather conditions varied over the testing duration.
Percent saturation is a parameter that is more robust to
temperature differences, as it accounts for the change in
the maximum DO saturation.

Figure 6. pH measurements within four hours of experiment start in a) treatment and b) control models. Grey lines are
individual experiments. Bolded black lines indicate mean of all experiments.
https://stars.library.ucf.edu/urj/vol13/iss2/4
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Figure 7. Mean pH change relative to runoff over time at 20 feet
Despite this variation, DO Saturation in the treatment
model at 20 ft tended to be consistently lower than in the
control (p<0.0004). Within the first 4 hours of testing,
DO saturation in the treatment model decreased by a
mean 12.18 ± 18.54%, while DO saturation in the control
model increased by a mean 6.74 ± 13.21% (Figure 9a).
This difference grew over the next three days, as infiltrate
in both models became more oxygenated. From 4 to 72
hours, the DO saturation in the treatment model at 20 ft
increased to become similar to the runoff. Over the same
time in the control model, DO saturation increased to
become 21 ± 13.21% higher than the runoff (Figure 9a).
The differences observed between the models fall within
the standard deviation of the measurements, but the
measurements of each model are significantly different
from one another (p<0.0005) for each timeframe. The
same result occurs when the DO concentration, rather
than the percent saturation, is assessed (Figure 9b), again
overlapping the observed differences with the expected
variation but being significantly different (p<0.001).
The change in DO Saturation was assessed in the same
manner as the pH. The calculated P-values were larger,
likely reflecting the greater variation in the values, but
every null hypothesis was still rejected to a confidence
of 99%. This change was also assessed using the raw
DO concentration. Once again, every null was rejected
to a confidence of 99%, confirming that the change in
both the percent saturation and raw concentration of
DO was significantly different between the models. Just
like the pH, this suggests the average difference in the
models was not due to random chance, variation in the
instruments, or variation in the weather, even with the
Published by STARS, 2021

large calculated standard deviations seen in Figure 9.
Like pH, the difference in DO change between the
models is likely due to increased biological activity in
the treatment model facilitated by the BAM. DO should
be consumed by microbial populations in both models
for both self-sustaining processes (Schmidt-Rohr, 2020)
and other biological processes such as degradation of
organic matter (Bourg & Bertin, 1993). However, as
BAM is designed to sustain greater biological activity as
compared to sandy soils, it is consistent that we observe
faster depletion of DO as infiltrate flows through BAM.
Biological depletions of DO in the control model appear
to be negligible, as seen in the overall increase of both
DO concentration and DO saturation in the control
model over time.
Environmental Considerations
Though the assessed parameters decrease through the
models, especially the treatment model, they do not fall
below thresholds that could be harmful for aquatic life.
Hypoxia, or lack of oxygen, can negatively affect aquatic
life at DO concentrations below 4.8 mg/L (Thursby et
al., 2000). The treatment model 20 ft infiltrate 4 hours
after the start of the test contained a DO of 6.28 ± 1.30
mg/L and the control infiltrate contained a DO of 8.05
± 1.28 mg/L, both of which are above that threshold.
Similarly, pH in freshwater systems should be within
6.5-8.5 (USEPA, 2000), a range the infiltrate from both
models falls within.
The overall effect of BAM on water quality, however, is
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beyond the scope of this report. Though BAM is designed
to remove nitrogen and phosphorus more effectively, its
widespread use on roadway shoulders could have other
consequences to local surface and groundwater supplies
based on other water quality changes. This experiment
only assessed pH and DO changes compared to standard
VFS soil compositions in Florida. Even after 72 hours,
the infiltrate from the treatment model fell within safe
natural limits for both parameters. BAM should be
tested for changes in other water quality parameters if
there are further concerns on the impact of local surface
and groundwater conditions.

CONCLUSION
There was a statistically significant difference between
the water quality of the treatment infiltrate and the
control infiltrate (p<0.0001 for the pH and p<0.001
for the DO). The initial water quality parameters in the
runoff were negligibly different (p>0.05), so the observed
differences were either due to random variation or an
actual difference in the performance of the models.
Additionally, the deviation of the instruments used
for measurement was likely similarly negligible, again
indicating the observed differences were the result of
differences between the models.

Figure 8. DO Saturation measurements within four hours of experiment start in a) treatment and b) control models. Grey lines
are individual experiments. Bolded black lines indicate mean of all experiments.

Figure 9. Mean change in a) DO saturation and b) DO concentration over time at 20 ft in treatment and control models

https://stars.library.ucf.edu/urj/vol13/iss2/4
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The pH decreased in both models over time and space.
The decreases were consistently larger in treatment
model, with the mean pH of the 20 ft infiltrate after
4 hours being 7.31 ± 0.15 compared to 7.62 ± 0.12 in
the control model. This difference is possibly because
of the biological activity during nutrient removal. The
decrease continued to grow in the treatment infiltrate
in the following days, indicating the mechanism that
lowered the pH continued to act on water saturating the
models. After 72 hours, the mean pH change relative to
the runoff in the treatment model was nearly double that
of the control (-1.12 and -0.63, respectively). The final
infiltrate from both models, however, had a mean pH
(6.96 ± 0.16 in treatment and 7.43 ± 0.13 in control) that
fell within acceptable ranges for natural water sources
and would not be a dangerous result of using BAM in
vegetated filter strips.

gardens, as a demonstration of their short-term impact
on water parameters. Widespread application of BAM
may be a future component of effective nutrient removal
and waterway protection in Florida.
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The DO Saturation tended to decrease from the runoff
to the 20 ft infiltrate in the treatment model and slightly
increase in the control model, resulting in mean infiltrate
saturations of 67.97 ± 12.54% and 86.24 ± 11.5%,
respectively. A similar trend was observed in the DO
concentrations, with a mean of 6.28 ± 1.3 mg/L in the
treatment and 8.05 ± 1.28 mg/L in the control. Unlike
the pH, the change in DO between the models fell within
each other’s standard deviations, potentially indicating
the observed differences were the result of expected
variation. Hypothesis testing, however, concluded the
mean changes in each model were significantly different
(p<0.001 over 4 hours and p<0.00001 over 72 hours).
Therefore, the BAM most likely had a different effect
on DO in the infiltrate compared to the standard soil,
but the extent of that effect falls within a large variation.
Like the pH, the average decrease of DO in the control
model still produced infiltrate with oxygen concentration
well above hypoxic conditions (5.83 ± 1.28 mg/L in the
treatment and 7.84 ± 0.92 mg/L in the control), making
the infiltrate safe for natural water sources.
BAM therefore could be considered as a preferable
alternative to standard roadside soils in Florida
stormwater BMPs, particularly in 1 and 2-lane roadways
sized similarly to those simulated in this experiment.
While this report does not address the overall
effectiveness of nutrient removal using BAM, it does
indicate its usage will not negatively impact the pH and
DO in the waterways protected by BMPs. These results
may also be significant to the study of BAM usage in
other stormwater management practices that are exposed
to roadway or parking lot runoff, such as ponds and rain
Published by STARS, 2021
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